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Abstract

With the increasing penetration of renewables in the grid, different ways of inte-
grating them are being researched for efficient and stable system operation. The
dc-microgrid is one such system in which Distributed Energy Resources (DER) of
dc nature can be parallelly connected to a common dc-bus. However, since many
power converters are involved in such a system some of which act as Constant Power
Load (CPL) with negative incremental resistance, this can result in system insta-
bility. Thus, the main purpose of this study is to investigate stability issue in a
converter dominated dc-microgrid.

In this thesis, the Topology and operational principle of boost converter, bi-directional
DC/DC converter and two-level Voltage Source Converter (VSC) is first studied

and their input impedance models are derived. Moreover, simulation models of the

converters are created and the analytical transfer functions are verified with the

simulation models by frequency-domain approach. Finally, the stability of the to-

tal system derived analytically is studied using stability analysis methods such as

Nyquist criteria and passivity analysis.

Findings show that, when the load in the dc system is increased by 40% from 50 kW
to T0kW, the system stability decreases due to worsening of passivity of the CPL.
In addition to this, when the voltage and current controller bandwidths of the VSC
is increased it is found that the voltage controller parameter has more effect on the
system stability than the current controller. Moreover, addition of a battery storage
system to the dc grid shows that it integrates well during the charging process, but
with a reduced stability margin. During the discharging of the energy storage, the
system works in an islanded mode and remains stable for a short duration depending
on the energy storage capacity. Furthermore, a capacitor bank consisting of eight
capacitors with 7mF capacitance each is connected to the system in series and
parallel configuration and it is observed that the system is more stable, however,
the response becomes slower. Finally, it is also investigated that the droop controller
of the VSC has little effect on the system stability.

Keywords: DC microgrid, stability analysis, DER - Distributed Energy Resources,
PV - Photovoltaic, Nyquist criteria, Passivity analysis, VSC - Voltage Source Con-
verter, controller bandwidth, battery storage, islanded mode, capacitor bank, droop
controller.

iv



Acknowledgements

We would express our sincere gratitude to our supervisors, Mebtu Bihonegn Beza
(Division of Electric Power Engineering) and Mattias Persson (RI.SE Research In-
stitutes of Sweden) for their support, guidance and encouragement throughout the
thesis work. They have always been available to answer our questions and queries
and also provide us with valuable feedback for our work. We also want to thank
our examiner, Massimo Bongiorno (Division of Electric Power Engineering) for his
support, advice and allowing us the freedom to explore and implement our ideas.

We are thankful to everyone in the Division of Electric Power Engineering for pro-
viding us with useful resources and also to RI.SE for giving us the opportunity to

visit the dc system and understand it better.

Finally, we would like to thank our family and friends for all support and encour-
agement throughout the project and also our study in Chalmers.

Biniam Brhane Abraham and Rishy Kumar Saikia, Gothenburg, October 2020



Contents

List of Figures viii
List of Tables b'e
1 Introduction 2
1.1 Introduction . . . . . . . . ... 2
1.2 Purposeof Work . . . . . ... 3
1.3 Outline of the Thesis . . . . . . . . . .. ... ... ... .. ..... 3
2 Theory 5
2.1 System Overview . . . . . . . . . . ... 5
2.2 Stability Issues in DC-Microgrids . . . . . . ... ... .. ... ... )
2.3 PV Energy Source . . . . . .. ... 6
2.3.1 Boost Converter Model . . . . . . ... .. ... ... .. ... 6
2.3.2 MPPT Control Algorithm . . . . ... .. .. ... ... ... 10
2.4 Energy Storage System . . . . . .. ... 11
2.4.1 Bidirectional DC/DC Converter Model Working in Discharg-
ing Mode . . . . . ... ... 12
2.4.2  Bidirectional DC/DC Converter Model Working in Charging
Mode . . . . . . . . 16
2.5 Modelling of Loads . . . . . . . .. .. ... ... ... 18
2.5.1 Resistive Loads . . . . . .. ... oo 18
2.5.2  Constant Power Load (CPL) Model . . . . . . ... ... ... 18
2.6 Grid Source Interface . . . . . . ... 19
2.6.1 Voltage Source Converter Model . . . . . . . ... ... .... 19
2.6.2 Control Parameter Selection . . . . . . .. ... .. ... ... 23
2.7 Stability Analysing Techniques. . . . . . . .. ... ... ... .... 24
2.7.1 Eigenvalue Analysis . . . . . . . ... ... ... ... ... 24
2.7.2  Nyquist Stability Criterion . . . . . . . . ... ... ... ... 24
2.7.3 Passivity Analysis of the System . . . . . .. ... ... .... 24
3 System Modelling 27
3.1 Modelling of DC-microgrid Analytically . . . . .. .. ... ... ... 27
3.1.1 Impedance Model on PV side Converter . . . . .. ... ... 27
3.1.2  Admittance Model of CPL . . . . . . . . ... ... ... ... 28
3.1.3 Admittance Model of Energy Storage Converter . . . . . . .. 29
3.1.4 Impedance Model of Voltage Source Converter . . . . . . . .. 29
3.2 Modelling of DC-microgrid in Simulink . . . . ... ... ... . ... 29

vi



Contents

321 PV Model . . ... ... 29
3.2.2  Energy Storage Model . . . . . ... ... 30
323 VSCModel . ... ... .. ... .. 31
324 CPL Model . ... .. ... ... ... 32
3.3 Verification of Impedance Models . . . . . . ... ... ... ..... 32
3.3.1 Verification of VSC Impedance Model . . . . . . . ... .. .. 33
3.3.2 Verification of PV Impedance Model . . . . .. ... ... .. 34
3.3.3 Verification of Energy Storage Impedance Model . . . . . . . . 36

3.3.3.1 Bidirectional Converter Working as Boost Converter 36
3.3.3.2 Bidirectional Converter Working as Buck Converter . 37

3.4 Passivity Analysis of Individual Systems . . . . . ... ... ... .. 38
3.5 Simplified Model of the System . . . . .. .. ... ... ... .... 40

4 Results and Analysis 43
4.1 Case Scenario One: Normal Working Condition . . . .. .. ... .. 43
4.2  Case Scenario Two: Effect of Increasing Load . . . . . . . ... ... 46
4.3 Case Scenario Three: Effect of Increasing Controller Bandwidth . . . 47
4.3.1 Increasing VSC Voltage Controller Bandwidth . . . . . . . .. 48

4.3.2 Increasing VSC Current Controller Bandwidth . . . . . . . .. 50

4.4 Case Scenario Four: Effect of Adding Energy Storage . . . . .. . .. 51
4.4.1 Charging Mode . . . . . . .. ... 52

4.4.2 Discharging (Islanded) Mode . . . . . .. ... ... ... ... 54

4.5 Case Scenario Five: Effect of Adding a Capacitor Bank . . . . . . . . 56
4.6 Case Scenario Six: Effect of Adding a Droop Control . . . . .. . .. 58

5 Sustainability 61
5.1 Sustainability Aspects . . . . . . ... L o 61
5.1.1 Ecological Aspect . . . . . . . .. ... 61

5.1.2  Economical Aspect . . . . . . .. ... ... . 61

5.1.3 Social aspect . . . . ... ... 61

6 Conclusion and Future Work 63
6.1 Conclusion . . . . . . . . .. 63
6.2 Future Work . . . . . . . .. 64
Bibliography 65
Bibliography 65
A Appendix 1 I
A.1 Capacitance Calculation of Capacitor Bank . . . . . . .. .. ... .. I

vii



List of Figures

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10

3.1
3.2
3.3
3.4
3.5
3.6
3.7

3.8

3.9
3.10

3.11

3.12
3.13
3.14
3.15
3.16
3.17
3.18
3.19

4.1

Topology of a boost converter with a duty cycle controller. . . . . . . 7
Topology of a bi-directional converter with discharging mode control. 12
Small signal control diagram with droop controller. . . . . . . .. .. 15
Topology of a bi-directional converter with charging mode control. . . 16
Small signal control diagram (charging). . . . . . ... ... ... .. 17
Voltage v/s Current characteristic fora CPL. . . . .. ... ... .. 18
A CPL consisting of a tightly regulated converter and a resistive load. 19
Model of the AC grid and VSC. . . . .. ... ... .. ... ...... 20
Control diagram of a VSC. . . . . . . . ... .. .. ... ... ... 20
Small-signal model for control of VSC. . . . . .. ... ... .. ... 24
PI model of cables between the PV converter and DC-bus line. . . . . 28
PV model for panels located at A WL and SB3.. . . . . ... .. ... 29
PV model AWL building. . . . .. ... ... ... ... ....... 30
Simulation model for the energy storage system. . . . . . . .. .. .. 30
Energy storage control model (charging and discharging). . . . . . . . 31
Simulation model of the VSC. . . . . . .. .. ... ... ... ... 31
Simulation model of the CPL consisting of a tightly regulated con-

verter and a resistive load. . . . . . .. ..o 32
Impedance verification of VSC for analytical and simulation models

for various frequencies. . . . . . . ... L L 33
PV array module from Simulink used for specifying reference voltage[1]. 34

I-V and P-V characteristics of the PV array type: SunPower SPR-
315E-WHT-D; 7 series modules; 3 parallel strings at 25°and 45°[1].. . 35

Impedance verification of PV system for analytical and simulation

models. . ... 36
Impedance verification of energy storage discharging. . . . . . . . .. 37
Impedance verification of energy storage - charging. . . . . . . . . .. 38
Passivity plots for PV impedance model. . . . . . . .. ... .. ... 38
Passivity plots for energy storage impedance for charging. . . . . . . . 39
Passivity plots for VSC output impedance. . . . . . . .. .. .. ... 39
An equivalent model of the de-microgrid for impedance based analysis. 41
A simplified circuit of the de-grid. . . . . . . .. ... 41
Circuit connection of the capacitor bank. . . . . . .. ... .. .. .. 42

Nyquist and Pole-Zero plots of the open loop transfer function F'(s)
for normal working condition. . . . . .. ..o 44

viil



List of Figures

4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9

4.10

4.11

4.12
4.13

4.14
4.15
4.16
4.17
4.18
4.19

4.20
4.21

4.22

4.23

4.24

4.25
Al

Gain and phase margins of open loop transfer function F'(s) for the

normal operating condition. . . . . ... ... 44
PV output plots for the grid connected system. . . . ... ... ... 45
Grid connected VSC output plots. . . . . . . . ... ... ... ... 46
Bode plot comparison for increasing load from 50 kW to 70 kW. . . . 46

DC bus voltage for a 20 kW load step from 50 kW to T0kW at 0.2s. . 47
Nyquist and Pole-Zero map of open loop transfer function F(s) for
increasing VSC voltage controller bandwidths of 10 Hz, 20 Hz and 30 Hz. 48
Bode plots of open loop transfer function F'(s) for increasing voltage

controller bandwidths of 10 Hz,20Hz and 30Hz. . . . . . . . ... .. 48
Frequency response of VSC for increasing voltage controller band-
width from 10Hz, 20Hz to 20Hz. . . . . . . . . . .. ... ... ... 49
Nyquist and Pole-Zero map of open loop transfer function F'(s) for
increasing VSC current controller bandwidths of 100 Hz, 200 Hz and
300Hz. . . . . . . 50
Bode plots of open loop transfer function F'(s) for increasing VSC
current controller bandwidth of 100 Hz, 200 Hz and 300Hz. . . . . . . 50
Frequency response of VSC for increasing current controller bandwidths. 51

Nyquist and Pole-Zero map of open loop transfer function F'(s) with
and without energy storage during charging. . . . . . .. . .. .. .. 52
Bode plot of open loop transfer function F'(s) for energy storage model
in charging mode. . . . . .. ... Lo Lo 52
DC bus voltage during charging mode with an energy storage added
at 0.2s. . . . e 53
Charging wave forms for the energy storage. . . . . . ... .. .. .. 54
Bode plot for the the energy storage model during discharge. . . . . . 55
Discharge waveform for the energy storage. . . . . . . ... ... ... 55
Nyquist and Pole-zero map of open loop transfer function F(s) with
and without a capacitor bank. . . . . . ... .00 56
Frequency response of the VSC after adding a capacitor bank. . . . . 57
Bode plot of open loop transfer function F'(s) with a capacitor bank
added to the system. . . . . . . . ... L o7
DC-bus voltage with and without a capacitor bank for a load step of
20kW at 0.7s. . . . . . o o 58
Nyquist and Pole-Zero map of open loop transfer function F'(s) for
for increasing droop. . . . .. ... L 59
Bode plots for increasing droop of VSC starting with no droop, 5%
droop and 10% droop. . . . . . . .. ... 59
Frequency response of VSC for increasing droop gain. . . . . . . . .. 60
Capacitor bank schematic of the real system. . . . . . ... ... ... I

ix



List of Tables

3.1
3.2
3.3
3.4
3.5

Cable parameters [2], [3]. . . . . . . . ..o 28
Rated values of VSC. . . . . . . . . .. .. 33
Rated values of PV converter. . . . . . ... .. .. ... ....... 35
Rated values of energy storage (discharging). . . . . . . .. ... ... 36
Rated values of energy storage (charging). . . . ... ... ... ... 37



List of abbreviations

DC Direct Current

AC Alternating Current

CPL Constant Power Load

PV Photo Voltaic

DER Distributed Energy Resources
CCL Constant Current Load

CRL Constant Resistive Load
MPPT Maximum Power Point Tracking
PWM Pulse Width Modulator

POL Point of Load

VSC Voltage Source Converter

PCC Point of Common Coupling
PLL Phase Locked Loop

PI Proportional Intergral Controller
SSO Solar String Optimizers

FFT Fast Fourier Transform

DCR Direct Current Resistance

DPS Distributed Power System

SOC State of Charge

MGF Mason’s Gain Formula

BESS Battery Energy Storage System



1

Introduction

1.1 Introduction

With a growing human population and improving living standards, the demand for
energy has increased. Although fossil fuels have been fulfilling our energy demand
for a long time, emissions from fossil-based power sources have adversely affected
our environment, resulting in an increased global temperature and climate change.
It is in this context that focus has shifted on harnessing renewable energy sources.
With the increasing penetration of renewables into the modern electric grid, the con-
cept of microgrid was proposed several years ago due to many of its advantages like
energy efficiency and environmental benefits [4]. These microgrids can be classified
into Alternate Current (AC) and Direct Current (DC) type. ac-microgrids have an
advantage of utilizing existing ac power grid infrastructure but they require com-
plicated control strategies for the synchronization process and maintaining system
stability [5],[6]. DC microgrids, unlike ac ones, have a better approach in integrating
renewable energy sources with a dc-link as distributed energy sources are inherently
dc.

Renewable energy sources and storage devices are interfaced to the dec-grid via high
efficiency tightly regulated power converters. These converters act as a CPL with a
negative incremental resistance that reduces the system stability margin since the
overall system is poorly damped [7]. Furthermore, the dynamics of the ac control
loop together with the pulse-width modulator (PWM) in a VSC could cause insta-
bility. Besides, to increase the scalability of the system several modules are used in
parallel and this could lead to instability due to low inertia in the integrated power
converters [8].
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1.2 Purpose of Work

In this project, a realistic dc-microgrid consisting of Photo Voltaic (PV) energy
source, a Battery Energy Storage System (BESS), dc-loads connected to it and the
overall dc system connected to the main ac grid will be studied. It is a converter
dominated system and the study will focus on the stability issues and modelling of
the converters to observe the impact of operating closer to instability.

A proposed method to detect such issues is by applying small-signal stability analy-
sis and then develop suitable models to study the stability issues in such dc systems.
For stability assessment, frequency domain analysis will be performed as it is useful
in understanding stability contribution from individual converters in the system [9].
The converters, both DC/DC and AC/DC will be modelled based on their transfer
functions without going into internal dynamics. Furthermore, for the AC/DC con-
verter, only dc side stability which is interfaced with the dc-microgrid will be studied.

The study will be carried out in the ac grid-connected mode so that the dc-bus
voltage is regulated by the ac source. Batteries are taken as energy storage units
without going into their internal working. Moreover, for stability study, only short
duration disturbance is considered.

1.3 Outline of the Thesis

In this study, Chapter 2 describes the theory related to the overall dc-microgrid.
This includes the derivation of impedance models for each of the converters used
in the system and also discusses the stability analysis methods. Chapter 3 de-
scribes the methodology of how impedance and admittance models are derived from
the relationships derived in Chapter 2. It also includes a verification of derived
impedance transfer functions with simulation models designed with the same pa-
rameters. Chapter 4 discusses the case scenarios and the results obtained. Chapter
5 discusses the sustainable aspect of the study. Finally, Chapter 6 concludes the
study with suggestions and ideas for improvement in future work.
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Theory

This chapter explains the overall dc-microgrid system. Section 2.1-2.2, describes the
system in general, regarding how it works overall and the potential sources of insta-
bility for the system. In Section 2.3, PV source is explained including the converter
and its control strategy. In Section 2.4, the BESS consisting of battery banks is
described, with the converter in its two working modes, charging and discharging.
Section 2.5 describes the CPL model for the study. In Section 2.6, the ac grid-side
interface is described with its converter topology and control structure.

2.1 System Overview

In the de-microgrid system, PV panel arrays provide power for the loads and also
to charge the BESS. Power from the PV arrays is extracted using maximum power
point tracking (MPPT), so that it is transferred with the highest efficiency even
with varying irradiance levels. From the PV side, input power is controlled consid-
ering a maximum power operating point and it is fed to a boost DC/DC converter.
Therefore, the duty cycle of the converter is regulated based on the reference voltage
required for the maximum power. The output of the boost converter is not strictly
maintained at the bus voltage but within a desirable range. The dc-bus voltage is
maintained at a fixed value by the voltage source AC/DC converter. It also either
feeds power from the grid to the dc-bus line when PV is unable to provide the power
demand or feeds back to the grid when excess power is generated by the PV. In the
BESS, a bi-directional buck-boost converter is used to charge-discharge from the
battery pack. During normal operation, when PV is supplying power, the batteries
are charged and also gives power to the load. But when load demand is more than
the power PV supplies, the VSC provides the additional power required. As in [10],
the loads connected to the de-bus have a relatively faster response compared to the
converters and can be taken as a CPL.

2.2 Stability Issues in DC-Microgrids

DC-microgrid systems have many power converters and different types of dc-loads
connected to it. These converters when operating independently could be stable.
However, when many such converters are connected to a common output bus, there
could be interaction among them which could lead to instability of the overall system.
Moreover, CPLs in the system have a negative resistance characteristic which can
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reduce the overall system stability. In this thesis, the resultant interaction of the
power converters and CPLs is the main focus of study.

2.3 PV Energy Source

Photovoltaic cells capture photons from sunlight and generate electrons, an array
of such cells combined together can be used to obtain a desired power and voltage
level. The output voltage from such arrays of PV panel is low and as such a boost
converter is needed to step up the voltage. Since power only flows from the panel to
the dc-microgrid side, it is modeled as unidirectional. Moreover, the output power
from the solar panel keeps varying due to environmental conditions. This requires
for most efficient extraction of power at any point. For this purpose, as in [11], an
MPPT is used, which continuously tracks the power from the PV panel and adjusts
the voltage accordingly to obtain maximum power.

2.3.1 Boost Converter Model

A boost converter is a DC/DC converter that steps up a voltage and is used in a low
output voltage and unidirectional energy source. It consists of a switch (MOSFET)
that turns on-off periodically depending on an input duty cycle. The steady-state
duty cycle, D is calculated from the reference voltage, V,.; and steady-state out-
put voltage, Vg (D =1 — %‘;f ). To track the maximum power production, the
duty cycle has to be adjusted. Thus, to regulate the duty cycle, the PV voltage
output from the converter is compared with a desired PV reference output voltage
(taken from the maximum power operating point). This difference is fed to a pro-
portional (P) controller, which then generates a controlled signal to a pulse width
modulator (PWM), thereby generating the switching signals [11]. This converter
topology suits in PV systems with a low output voltage. The converter circuit is
shown as in Figure 2.1 along with its control structure and its mathematical model
has also been derived.
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Figure 2.1: Topology of a boost converter with a duty cycle controller.

Figure 2.1 is the circuit diagram for the PV boost converter. On the source side, the
PV panel is a current source in parallel with a capacitor, C),, which serves as the
source voltage, vs. In this converter, the focus is on obtaining maximum power from
the source without directly regulating the PV output voltage, v4.. For achieving
this, a voltage reference, V,..r is used for a particular power level from the PV which
is dependent on a specific irradiance at a particular temperature. This reference
voltage is divided by the output voltage of the boost converter and then subtracted
from one to generate a steady-state duty cycle. Furthermore, the reference voltage is
compared with the source voltage and passed through a proportional (P) controller
to generate a varying duty cycle. This would accordingly increment or decrement
the steady-state duty cycle and adjust it depending on the input power from the
panels. Thus, by this control technique, the input voltage, v,, is controlled to get
the maximum power from PV [11].

Now, state space averaging is used to derive the converter model. There are two
topologies which are applied during the switch on and switch off of the converter.

When the switch is closed ) ,
dig, s TLig

h TS 2.1
dt L L (2.1)
d’UC —io
= 2.2
dt C (2:2)
Vde = Ve + rcic
Vge = Ve — Telo (2.3)

where v and vg4. are the PV side voltage and dc-link voltage respectively, L and C'
are the inductor and capacitor components of the converter, v, is the voltage across
the capacitor, i, is the output current and is negative of the capacitor current, .,
during the switch-on time and 7. is the equivalent series resistance of the capacitor.
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Equations 2.1, 2.2 and 2.3 can be written in state-space representation as
dig, _rL ; 1
or 0 0] |ve el 0

%_@1Hﬂ—m%.

Cc

When the switch is open

le =11 — 1o
Replacing 2. by 7, - i,, then the equations can be expressed as

dip, — (ri+r)ip | To Ve | Vs
@ L L 171

dUC . iL io
i C C

Vde = Up + Tl — Telo.

Equations (2.7)-(2.9) can be written in state space form as following
dig, —(rmtre) -1 ; Te 1
£ 3 s | R IR R

dt C c c

Vge = [rc 1} l:)j —Te 1.

The state equations derived above can be expressed as compact matrix form

i = Az(t) + BU(t)

y = Cux(t) + EU(t)

(2.6)

(2.11)

(2.12)

(2.13)

where z(t) represents the state space variables and U (t) represents input and output
variables in the model. Average matrices that include the two switching events at

steady state are given as

Bl = Blld+ Bgl(l - d)
BQ == Blgd—i— BQQ(l - d)
C=Cid+ Cy(1 —d)
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E = Eyd + Ey(1 —d) (2.18)

where d is the duty cycle and the B matrix has been split into two matrices, because
in this model there are two variables, i, and vs; under the U(t) variable. Combining
the matrices (2.4) and (2.10)

—L 0 1
A = [ o 0] By = l_C'l] By = M G =0 1B =-r (2.19)

*("'l+7'c) -1 Te 1
Ay = [ % L] By = [%] Bay = [Ll Cy = [Tc 1} Ey = —r, (2-20)
¢ 0 < 0

[ﬂ = [Aud + Ay(1 - d)] [ﬂ + [Bud + Bia(1 — d)] iy + [Bard + Boa(1 - d)] ..

C C (2.21)

To analyse the small-signal model of the converter, a small ac perturbation is intro-
duced in the steady-state quantities. Therefore, all variables mentioned above will
be written as

ip =1 +ir (2.22)
Ve =V, + 0, (2.23)
VUde = Vdc + r&dc (224)
io =1, + i, (2.25)
d=D +d. (2.26)
Inserting (2.24) into (2.21) and arranging it to get the average matrix
i 1 [T+
M = |A1D + Ay(1 — D) + (A; — Ay)d)] [VL N UL]
[BuD + By (1 — D) + (Biy — Bar)d| |1, + 0] +
[B12D + Byy(1— D) + (Bia — Bap)d] |Ve + 1] (2.27)
Vie + Vg = [CD+C (1-D)+(C —C)cﬂ I tir +
c c 1 2 1 2 ‘/c+ﬁc
[E\D + Ey(1— D) + (B — Ep)d] |1, + i (2.28)

where in steady state I, and V, are zero. The matrix is simplified by eliminating the
steady state values and the product of the perturbations. Finally, the small signal
model is simplified as

[:;j =A lz}:j + “z‘h - Az} “}C] + {Bn - B21} I, + {Bm - B22} Vs ] d+ Byiy + Bat,

(2.29)

9
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Ve = C m + [[01 — Gy lﬂ + By — B JO] d+ Ei,. (2.30)

To analyse the transfer function in s-domain, Laplace transformation is applied to
(2.29) and (2.30)

] =[] [l ][] (2 a1 - ]

Byio(8) + Bati(s) (2.31)

Uie(s) = C KL“)] + “Cl — Gy H}] + B - B IO] d(s) + Eiy(s)  (2.32)

-] 2]+ B = Ba] 1+ [Bra— 5], | o+
Bito(s) + Baii(5)

(2.33)

equation (2.33) is substituted in (2.32) and it yields

I

C(sl — A)~ “Al — Ay [VC

] + {Bn - Bm} I, + {312 - B22} Vi ] +

Vae(s) = I d(s)
cr-ci] [1] + (B - 2] 1
+[C(sT = A)7' By + Elig(s) + C(sT — A)~' Byiy(s). (2.34)

Equation (2.34) is the small signal dc-link voltage expression from the boost con-
verter.

2.3.2 MPPT Control Algorithm

In an MPPT controller, the PV side voltage and power from the panel are continu-
ously tracked. This is then fed to a controller which generates the duty cycle for the
boost converter. It works in a way to control the PV side voltage, vs, to the boost
converter so that the maximum power is always taken from the PV panel.

From the basic boost converter operation, the duty cycle is calculated as

d=1—- 2= (2.35)

where v; and vy are the PV voltage and dc-link voltage. Then, the small signal
analysis will be
‘/ref + U~s

D+d=1- -
Vdc + Vdc

(2.36)

10
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where, V., is the reference output voltage for PV array at maximum output power
and is equal to zero in small signal analysis. Thus, the perturbation of the duty

cycle is expressed as
d i Y (2.37)
= —— + — Vg .
Ve Vd2c !

Moreover, PV is working as a current source and the duty cycle depends on the
changing of the input voltage as in [11]

d = —Pu,. (2.38)
Here, P is a proportional constant and combining (2.37) and (2.38) yields

’Ds i ‘/sf}dc

P, = — 2.39
v Vdc ‘/dQC ( )
v,
B g 2.40
T VPV — 1) 240
~ PV.
d=— """ .. 2.41
Vae(PVge — 1) (241)

Taking coefficients of (2.34) as X, S and R for d, 7, and v, respectively for simplifying
the derivation. Then, inserting (2.40) and (2.41) into (2.34) and it is expressed as

XPV; . ~ —RV; -
e = —————Dge + Sty + ———— Dy 2.42
e PV — 1) PV — 1) (242)
Collecting 04, and 1, terms gives
XPV, RV, ~
Uae(1 — - - = S.o
el P =) Ve ) =
and finally, the output voltage of the PV converter is expressed as
SVae(PVy — 1 ~
Bge = | el PVie — 1) Jio- (2.43)

Vie(PVg — 1) — X PV, + RV,

2.4 Energy Storage System

The energy storage system consists of battery packs, which stores excess energy
generated by the PV and discharges when more power is required by the load. In
grid-connected mode, the PV and the grid both supply power to the load and also
for charging the battery storage. The direction of the current will be from the dc-
bus to the battery and the bus voltage needs to be stepped down. Thus, a buck
converter is required as an interface in this mode. If we want to sell any additional
generated power or cut ac-load peaks or if the ac-gird is disconnected from the sys-
tem by any fault, the battery changes its mode from charging to discharging and
regulates the dc-bus voltage. In this mode, the interface works as a boost converter
to step up the battery voltage. To control the flow of power in both directions,
a bi-directional DC/DC converter is needed as an interface in this scenario. Con-
sequently, the derivation for the bi-directional converter model working in boost
mode (discharging) and buck mode (charging) has been addressed in the following
subsections.

11



2. Theory

2.4.1 Bidirectional DC/DC Converter Model Working in
Discharging Mode

In discharging mode, the converter steps up the battery-pack voltage to the dc-bus
voltage and regulates it to its desired voltage level. However, this is only possible
when the grid source is disconnected from the dc-microgrid, as such, this topology
works only when the dc-microgrid is in an islanded mode. The boost converter
circuit diagram and its control strategy are shown in Figure 2.2, vg and v,4. are the
battery pack voltage and output dc-bus voltages respectively. L, C; and C5 are the
inductor and capacitor of the converter with their parasitic elements ry, r. and
reo. The control strategy is implemented with an outer voltage control and an inner
current control for faster response.

A iess SH
[ .
i icl
+
1
Vdc SL
— VC /T C1
|
A
Raroon [y . \
- 1
—————————————————————— > Gy N —> G i——» Gq ’T"DC S
- i |
At T et ‘ddch l}
! I
' I
‘ > Si
Vdc,ref

Figure 2.2: Topology of a bi-directional converter with discharging mode control.

In the control strategy shown in Figure 2.2, G,4 is the voltage controller, G, is
current controller and Gy is the PWM delay. Moreover, a droop control implemen-
tation, with a droop coefficient of R0, has been included to control the current
sharing among converters connected in parallel on the dc-bus side. As in [12], the
mathematical model for the boost converter is as follows:

When the switch Sy, is closed and Sy is open, the ON-state equation of the converter
is

dv,

dt
where the direction of the current i.s is positive from the battery to the dc-bus
voltage.

Ch

. (2.44)

: di
Up =rriL + LditL (2.45)
Ve = Ve — lessTel (2.46)
Ve = Vde + lessTel (2.47)
from (2.44)
d C .ESS C .
0y Wi+ tessta) (2.48)

dt



2. Theory

dvdc di ess

C = —C1re—— — less 2.49
at =g ! (2.49)
Similarly, the OFF-state equations, when S, is open and Sy is closed
dv. . ,
Cl dt =11, — less (250)
. dip, . .
vg = Trriy + LE + (ZL - Zess)rcl + v, (251)
Vde = Z.chl - iessrcl + Ve (252)
Ve = iessrcl - ichl + Vge- (25?))
Combining (2.50) and (2.53)
dv c . . di diess
Cl d; =15, — less + Cl?ﬂcldif — CITCIW (254)

similarly, combining (2.51) and (2.53)

di
v = ’I“LiL + L% + Vge. (255)

The averaged equations of the bi-directional converter in boost mode considering
on-off states can be expressed as

dU c diess . . dz
Ol d;‘l = —CITCIW — less T (ZL + CITCIditL)(]- — ddch) (256)
. dig,
vp = rpip+ Lt 4+ (1 = dacn)vac (2.57)
Ude = Tetless = Terir (1 — daen) + ve (2.58)

where dg., is the duty cycle of the converter during discharging. Now, applying
small signal analysis to (2.56)- (2.58), we have

SClﬁdc = 5653(—017’61 — 1) -+ EL(l + 8017’01>(1 — Ddch) — [chdch (259)
f}B = ’I"LEL —|— SL%L —|— (1 — Ddch)@dc — V;jcd(;ch (260)
@dc - Tclgess - TclgL<1 - Ddch) + Tcllde;ch + ﬁc' (261)

Relation between any two small signal perturbations can be derived as follows:
considering vg, dg., = 0, we have from (2.59),(2.60)

sC’lﬁdC = (1 — Ddch)(l + sClrcl)gL + fess(—C’lrcl — 1) (262)
rrip 4 sLip + (1 = Dgep)tge = 0 (2.63)
~ _(]- - Ddch>2~]dc
= 2.64
' rr + sL ( )

13
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inserting value of i, in (2.62)

(1 — Ddch)2(1 + SClrcl)@dC

Sclfadc = gess(_c(lrcl - 1) - L+ sL (265)
Vde (=Cira — 1)(ry +sL)
= (2.66)
tess  SCi(rp +sL)+ (1 — D)2(1 + sCire)
Dde —Cirg — 1 L
Zout = _Z)d = - ( el )<TL ki ) . (267)
Tess sCy(rp + sL) + (1 = Dgen)?(1 + sCire)
Similarly, considering ¥z, %.ss = 0, we have from (2.59),(2.60)
(rp + sL)ig, + (1 = Daen)0ae — Vigedgen = 0 (2.68)
Solﬁdc = ;L(l -+ 8017’61)(1 — Ddch) — ]de;ch (269)

~ Sclﬁdc + ]Ldz;ch
= 2.70
‘ (1 —+ 5017’01>(1 — Ddch) ( )

inserting iz, into (2.68), we have

ﬁdc((TL—i-SL)SCl—i-(1—Ddch)2(1—|—801’1"61)) = d;ch(vdc(l—i-SCle)(l—Ddch)—(TL+SL)[L)

Uge  (Vae(1 4+ 8C1re)(1 — Dgen) — (1o +sL)1p,

dan ~ (ro 4 SL)sCr + (1= D )?(1 1 5Crra) O (2.71)
Again, taking 9p, dg,=0, from (2.59),(2.60) we get
rrig 4 sLip + (1 — Dgep)tge = 0 (2.72)
5C10ge = (1 = Dgen)(1 4 8C 1701 )ip + tess(—Chirer — 1) (2.73)
B = (1 = Dae) (1 4 sChre1Jip, + fess(—Cirey — 1) (2.74)

SCl
inserting 7. in equation (2.72)

gess(—Clrd — 1) -+ ;L(l — Ddch)(l -+ SCchl)

L) 1 — Dy,
(TL+S )ZL+< dh) 801

=0 (2.75)

((’I"L + SL)SCl —|— (1 — Ddch)Q(]_ —|— sC’lrd)gL = (1 — Ddch)(l —I— 7“6101)%885 (276)

jiL _ (1 = Daen) (1 + raCh) — A, (2.77)
tess  (rp +8L)sCy 4 (1 — Dgep)?(1 + sCire)
Similarly, taking @, 7, = 0, we have from (2.59),(2.60)
§C10ge = (1 = Dge) (1 + 8Cyre1 )i, — Idgen (2.78)
rriz + sLip + (1 — Daen)Oae — Viedaen = 0. (2.79)

14
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From (2.78), we have

B = (1 — Dgen)(1 + sCyre )ig — ILdz;ch_ (2.80)
SCl

Substituting value of 04 in (2.79)

. ir(14 sCire)(1 — Dge) — Ird -
(rL+sL)iL+(1—Ddch)zL( s 1“)8(0 aen) — 11 — Viedg, = 0. (2.81)
1

((T‘L + SL)SCl + (1 - Ddch)Q(l + SCl’f‘cl))gL - (IL(l - Ddch) + SVdcol)d;Ch =0 (282)

i I;(1 — Dy, Vi C
wo_ 2(1 = Dacn) + sVaeCr e (2.83)
ddch (TL + SL)SCl + (1 — Ddch)2(1 + 8017“01)

R droop i ess

+ D D g E
vdc ref \%J Gvd t /}—» G, & G,

Figure 2.3: Small signal control diagram with droop controller.

Using a signal flow graph analysis and the Mason’s Gain Formula (MGF) from
[13], the relation between dc-bus voltage and current of the bi-directional DC/DC
converter is expressed as

v c Zou 1 GCGZ GcGo Aio - R T 00! Gv

Ui _ Zoull + Gelia) + GGl droopGua) (2.84)

i 1 + GvdGcGo + GcGid

7“658
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2.4.2 Bidirectional DC/DC Converter Model Working in
Charging Mode

Sh<cd

Figure 2.4: Topology of a bi-directional converter with charging mode control.

In charging mode, the power flow direction is from the dc-bus line to the battery and
the bidirectional DC/DC converter acts a buck converter that steps down the de-bus
voltage to the battery-pack voltage and regulates it to its desired value. Similar to
[12], the mathematical model in this case for a buck converter is derived as follows:
The average state-space equations of the buck converter shown in Figure 2.4 can be
expressed as

di
dchvdc = L% + TLiL + vp (285)
e = Cy e (2.86)

less = Y ch? .

1 dt hUL
. UB UB

= Co— 2.87
L T (287)

where, d.;, is the duty cycle of the converter during charging; vg., i.ss are voltage
and current on the dc-bus side while vg, 4, voltage and current on the battery side
respectively. L, Cy, Cy, 71, 71 and r. are the same as specified in (2.4.1) the
bi-directional converter working as in discharging mode.

To regulate the battery pack voltage, the converter changes its duty cycle based
on the control strategy applied. Using the voltage and inner current control, the
relationship between the duty cycle and the output voltage is expressed as

dch = GC(GUC(UB'I‘ef - UB) - ZL) (288)

where, vp,.f, is battery reference voltage and G,., G, are proportional-integral (PI)
controller gains of the voltage and current during charging mode respectively. Ap-
plying small signal analysis to (2.86) and (2.88) and changing them to frequency
domain

Viaeden + Depvize = (sL +11)ip, + U (2.89)
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Dc ~ 7 ~
" g 4 $Cod, Vi + sCyDotip

iess = 8011):10 +
bat

d;h - GC(GUC<UB;‘€f - U~B) - 'L~L>

(2.90)

(2.91)

Taking the relationship between any two small-signal perturbations, the small-signal

state equations are divided into blocks as follows:
For iy, and d.;, equal to zero in (2.89)

Bio(s) - UfB == Dch~

Vde
For v, and iy, equals zero in (2.89)
de(5> = U~B = Vdc
ch

For iz, and d., equal to zero in (2.90)

D Less (C, + CyD%) + Dy
io = — = S c
Vde ! 2 h Rbat
For izand vy, equal to zero in (2.90)
gess VB Dch
EFiy(s) = —=— = s(CoVp + O3V Dey) + + )
a(s) i (CyVp 5ViaeDen) (Rbat Rbat)
Vi et M\
)<
l\\;dc Byo ¥ —),\\;B
+
Gye —»Q—» Gc dN < Fua
+ -
D —; —)T;ss
+
Fig

Figure 2.5: Small signal control diagram (charging).

(2.92)

(2.93)

(2.94)

(2.95)

Using a signal flow graph analysis and MGF, the relationship between the dc-bus
current and voltage across the input terminal of the bi-directional DC/DC converter

is expressed as
ﬁdc 1 + GUCGCF’Ud + FidGc

iess Dio(l + Gchcde) - Bvonch‘

(2.96)
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2.5 Modelling of Loads

2.5.1 Resistive Loads

Resistive loads are electrical loads that convert electrical energy into thermal energy
and dissipate it in the form of heat. These type of loads show a linear V-I relation-
ship, i.e when the voltage increases, the load current increases or vice versa. Thus,
resistive loads have a positive resistance increment which improves the stability of
the system.

2.5.2 Constant Power Load (CPL) Model

In a CPL, the load power remains constant while the voltage and current show
nonlinear V-I characteristics; i.e while the dc-bus voltage increases, the load current
decreases or vice-versa as depicted in Figure 2.6. Consequently, as explained in 2.2,
a negative resistance characteristic occurs in this type of loads.

Load current(A)
© © o © ©o © o ©°
LS} w S wm (=] ~ [e-] (o]

2
i

(=}

50 100 150 200 250 300 350 400 450 500
DC-bus voltage (V)

(=]

Figure 2.6: Voltage v/s Current characteristic for a CPL.

CPL models are usually connected to a bus through power electronic converters
which tightly regulate the output voltage as is shown in Figure 2.7. When the
controller in the control strategy has a fast response, the change in the bus voltage
can be ignored and it can be taken as CPL at the input of the buck converter. The
power consumed by the load will be

D = Vqc * Uoad (297)

where, vg4., 400 and p are input voltage, input current and rated power of the
converter respectively.
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Constant power load

Tightly regulated

Ve converter Resistive

load

Figure 2.7: A CPL consisting of a tightly regulated converter and a resistive load.

Applying small signal analysis, the impedance at the input terminal of the converter
will be

0= T)chload + gloadvdc (298)
ﬁdc _ ‘/dc
Z.load Iload
Vie Vie)?
Zepr = _Ildd - ;,> (2.99)

2.6 Grid Source Interface

A converter in the ac-grid side rectifies the ac voltage from the grid to a dc-bus
voltage and maintains it fixed within a specified range. It also transfers power into
the dc-grid and maintains overall power balance. Furthermore, when excess power
is generated by PV source, it works as dc to ac converter and feeds back the power
to the ac-grid. Thus, a VSC which transfers power in both directions is required
as an interface. A two-level converter topology being simple to implement has been
taken for the study and its mathematical model is derived.

2.6.1 Voltage Source Converter Model

An equivalent model representing a VSC connecting the ac side source to the de-bus
line via filter inductor and resistor is shown in Figure 2.8
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Figure 2.8: Model of the AC grid and VSC.

where vy is the grid input voltage, E' is a voltage at the point of common coupling
(PCC), Z, is the grid input impedance, L is the line filter inductance and r is the
equivalent series resistance. At the dc-side of the VSC, the dc-bus voltage and cur-
rent are represented by vg. and i4. respectively. Cy. is a dc-link capacitor that used
for stabilizing the dc-bus voltage and r, is the parasitic resistance of the capacitor.

As in [14], the d-q components of voltage equations can be expressed as

i

eg = L% + 1ig — wyLiy + vg (2.100)
di, .

e = L% + 7iy + wyLig + v, (2.101)

wy is the grid angular frequency, eq and e, are the d-q components of grid voltage.
(the impact of grid impedance has been neglected in the dc impedance model) and
v4, Vg are the d-q axis voltage components on the input side of the VSC and ¢4, 1,
are the d-q axis current components.

. Ve \ g, ref VR _/’\\Vd,rev da N
lac {%—f\T ) Gy ./ G, \ /»—» > PWM _‘ﬂ
- +

Figure 2.9: Control diagram of a VSC.

As shown in (2.100) and (2.101), variables d-axis and g-axis are mutual coupling in
the model. Consequently, a synchronous reference-frame current control is applied
as in Figure 2.9. In this current control, a feed-forward control could be applied for
decoupling the two separate d-q currents. From the relationship presented in Figure
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2.9, the control strategy for the steady-state equation along the d-axis is expressed
as
Vg = _Gi(idref — id) + ngiq + eq (2.102)

where G is the inner current controller and i4..; is a d-axis reference current. In
the double loop with inner current control, the outer dc voltage controller calculates
the reference value of current which is the input to the d-axis inner current loop.
Similarly, the steady state equation along the g-axis is expressed as

Vg = —Gi(igres — 1q) — wylia + €4 (2.103)

where 4.7 is a g-axis reference current. As only active power is assumed to be
transferred (unity power factor) from the ac-source to the dc-bus, 445 will be zero.
Substituting values of ey, €, from (2.102),(2.103) into (2.100),(2.101), we have

dig

€d = L% + T’id - ngiq - Gi(idref - Zd) + ngiq + eq (2104)

dig ‘ ‘ .
LE +1rig = Gi(zdref - Zd) (2105)

di

e = L% + rig + wyLiq — Gyligrey — i) + wyLiq + e (2.106)

di, , . .
L% + Tg = G'i(quef — Zq). (2107)

Applying Laplace transform to (2.105),(2.107)

(SL + T)’id = Gi<idref - Zd) (2108)
(sL41)ig = Giligres — 1q)- (2.109)

Applying a small perturbation and using small signal analysis to above equations,
we have

(sL+ 1)ig = Gi(idres — ia) (2.110)
= (igrer — 14)G;
= 5 . 2.111
Zd sL+r ( )
and i ) ]
(sL+1)ig = Gi(lgref — 1q) (2.112)
= (igres —1g)G;
=7 L . 2.11
e sL+r ( 3)

Based on the power balance between two sides of the VSC considering amplitude
invariant Clarke transform

3, . . g dve
i(vdzd + Vi) = Vacly. = vdc(Cch + dge). (2.114)

As VSC adopts a grid-voltage oriented control that assumes the d-axis is perfectly
aligned along with the point of common-coupling (PCC) voltage, with this assump-
tion v, = 0. Moreover, the phase-locked loop (PLL) in the controller tracks the
phase a voltage at the PCC. Thus, (2.114) is further reduced to

3 / dv

5(vdz'd) = Vgelg, = vdc(cdcd—tc + ige). (2.115)
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On the dc-side

VUde = Ve + icrc

dv,
Ve = Ve + Cdcd—irc (2.116)

where 7. is the parasitic resistance of the dc-side capacitor. Applying Laplace trans-
form to (2.116)
Vae(8) = ve(s) + sCyereve(s). (2.117)

In small signal
Vae(s) = Ve(s) + sCyereve(s). (2.118)

Equation (2.115) in small signal form and frequency domain
3 ~ .
i(ﬁd[d + Vdid) = S‘/;lccdci~}6<8> + V;lcidc(S) + ﬁdc(s)[dc. (2119)

Substituting o, from (2.118)

ﬁdc(s)

3 ~ -

§<6d[d + Vdid) = SVdCCde + ‘/dcidc<8) + ﬁdc(s)]dc (2120)
3(~1 + Viia) = sVaC, Bac(s) + Viaetge(s) + Dac(s) 1, (2.121)
—\v 1q) = SVacLge 77— clde\ S Vde\ S c. .

9 dtd dld dc™“~d 1+ SCdcTc detld d d

Using superposition theorem, relation between any two perturbations can be ob-
tained by neglecting perturbation from other components in (2.121). First, the
relation between 04, and ¢4 is obtained by setting 0, and i4. = 0 as in [14]

17dc(s)

3 ~
Viig) = sV, Cpo——
aia) = sVaCa 14 sCy.re

5 + Daelae (2.122)

% . § ‘/d(l + SCdCTC>
Z;l B 2 SCdc‘/;lc + [dc(l + SCdcTc>

=G, (2.123)

Now, applying Laplace transform and inserting oy and iy = 0 in (2.121), relation
between 74, and 74, is

ﬁdc(s) -~ ~
VieCoo——— + Vicige dge =0 2.124
sVy d1+80dc7”c+ delde + Vdelq ( )
v C VC 1 CC C
e _ all+5Care) (2.125)

%dc T SCchdc + [dc(l + SCdcrc)

Similarly taking 14 and 14=0, relation between 4. and 94 is

3. ’Ddc(S) ~

2(#4ly) = sVieClyo—2" 4 50T 2.126

Z(Ud a) = sVy d1+80dc7’c+vd d ( )
Uge 3 I;(1 ClueTe
e = 2 all £ 5Cure) (2.127)
V4 2 ]dc<1 + SCdCTC) + SCdCVdC
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2.6.2 Control Parameter Selection

In the synchronous reference frame control, the outer voltage controller and inner
current controller parameters have to be designed based on the system parameters.
The cross-coupling term due to the input ac inductor is compensated by including
a decoupling loop in the current controller. Thus, the current control parameters
should be dependent on the filter inductor and resistance for decoupling.
Re-arranging (2.108), the equation will be written as

id . Gl . kipS + k‘n
idref N Ls +r+ Gl N LS2 + (T + k’ip)s + k’“

(2.128)

i Fip(s + 1)
Gdref  Ls(s+ )+ kip(s + ’,%p)

(2.129)

where k;, and k;; are proportional and integral gains of the current controller respec-
tively. If the ratio of 7 and ];Z; are kept equal, the expression on the denominator
could be combined and overall expression simplified further resulting in pole-zero
cancellation. As as result, the current controller transfer function is reduced to a

linear one and its bandwidth could be determined.

. kip

(3

e A (2.130)
Ldref S + %p

where ]% is bandwidth of the current controller. In [15], it is recommended that the
bandwidth should be < 0.2 times the switching frequency. Thus, k;, can be calcu-
lated once an appropriate bandwidth is selected. Furthermore, the k;; is calculated
from the ratio $= ]ij

As explained above and shown in Figure 2.9, the error of (Ugif — Uge — Rariae) 18
given as input. The dc voltage controller that would make the closed loop dy-
namics dependent on the steady state voltage. To consider the dc-link dynamics
when energy stored on the dc-link capacitor, a PI controller operating on the error
((Vd’;@f )2 — v4e)? — RarigeViey could be used [15]. Thus, the reference current on the
d-component, i,.s is calculated from the reference power, P, s as

Gvi((vdief)z - Uﬁc - Rdrich;ii:ef>

= 9.131
Uref E, (2.131)
where B, = /Ej + E2.
The small signal analysis of (2.131) will be
- 2VC re ~ ~
brep = —L G (07 — Uge — 0.5Raplac) (2.132)
Ly
iref = G gainGui(—Vie — 0.5 Rariac) (2.133)
where Gyqin = 2]‘3/? and @gjjf =0.

All the expressions found above can be interconnected as shown in Figure 2.10
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T —> 0.5 Ry

Figure 2.10: Small-signal model for control of VSC.

where, GG,;, is the dc side voltage regulator, G; is the current controller, G4 is the
PWM delay and Ry, is the droop co-efficient. A transfer function relating the out-
put rectified voltage and output current of the VSC is expressed as

% RergainGviGcGl - GZ

e 1+ GuG.Gr (2.134)

2.7 Stability Analysing Techniques

2.7.1 Eigenvalue Analysis

There are different approaches to analyzing the stability of a system. An eigenvalue
based analysis is one approach where the system’s closed loop poles are calculated
to identify the risk for resonance interactions [16]. This approach is more effective
for investigating the system stability as the poles of the closed loop are calculated
directly. However, it could be tedious to calculate the poles of a large system and a
new state-space model would be required if there are any changes on the system’s
model. Moreover, it is difficult with this approach to study the contribution of each
subsystem on the stability of the overall system as it gives little information.

2.7.2 Nyquist Stability Criterion

The Nyquist stability criterion approach depends on frequency domain analysis.
This method focuses on the feedback of the closed-loop system of the interconnection
of two subsystems represented by their equivalent impedance or admittance. As a
consequence, the stability of the interconnected system is studied using the open-
loop transfer function of the entire system [16]. With this approach, the stability
of the overall system could be analysed with different control parameters. However,
the contribution of each subsystem on the stability of the interconnected system
can not be clearly indicated. This technique will be used in this paper to study the
impact of different control parameters or system operating points on the stability of
the overall system.

2.7.3 Passivity Analysis of the System

An impedance-based stability method which is used to study the contribution of
individual subsystems on the overall stability is the passivity approach. It states
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that a transfer function, 7'(s) representing the impedance or admittance of one sub-
system is defined as passive, if it satisfies two conditions [17]:

1. T(s) is stable.
2. Re{T(jw)}>0, Yw>0.

Which implies that for a system to be passive, it should first be stable (this can be
determined from the pole-zero map of the transfer function, where all poles must
be to the left of the s-plane). Second, the transfer function has a non-negative real
part for all frequencies. The interconnected system might not fulfil the passivity
behaviour for the entire frequency range. These non-passive regions in the individ-
ual converters can make the overall system less passive, thereby reducing system
stability. Which is why passivity analysis is needed along with Nyquist criteria to
study the system.
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System Modelling

This chapter discusses the methodology regarding how the dc-microgrid system is
modelled based on the derivations in the previous chapter. Section 3.1 explains the
final model derivation for each of the subsystems: impedance of the PV converter,
admittance of the energy storage system and impedance of the VSC. Section 3.2
explains the simulation models; Section 3.3 discusses the verification of mathemat-
ically derived impedance models with the simulation models developed using the
same parameters. Furthermore, Section 3.4 checks the verification of passivity cri-
teria for each of the individual subsystems and finally in Section 3.5, the simplified
dc-microgrid structure is discussed.

3.1 Modelling of DC-microgrid Analytically

The overall de-microgrid system has PV panels for energy generation, battery pack
for storage, a VSC which feeds power from the grid to maintain a constant dc-bus
voltage and also fulfill additional power requirement and load demand. Each of
these sub units is modelled individually and combined to study the overall system.
Equivalent impedance/admittance models are derived for each of the sub units,
considering appropriate power converter models.

3.1.1 Impedance Model on PV side Converter

In the real system on the PV side, solar panels are clustered in units, which are
then connected to solar string optimizers (SSO). These optimizers are MPPT con-
trollers combined with boost converters. MPPT is used to extract maximum power
depending on the varying solar irradiance levels.

In the impedance model derivation, the output of PV is considered as a current
source. Taking the dc-bus voltage of the boost converter as feedback and input volt-
age as reference for maximum power production, the duty cycle then is determined.
The final expression for input impedance of the PV unit can be found from (2.43),
which is expressed as

PV —1
7 Svdc( Vdc )

. . 3.1
P e (PVa— 1) = XPV, + RV, (3:1)
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Table 3.1: Cable parameters [2], [3].

Type of DC line Cable length(km) r(2/km) L (mH/km) C (pF/km)
Cable PV AWL 0.047 0.641 0.21 0.45
Cable PV SB 0.027 0.641 0.21 0.45
Cable b/w PV AWL and SB  0.065 0.125 0.13 0.45

The PV panels in the real system are located in two building roofs, SB3 and AWL.
There are long cables coming from the roofs to the basement and they are required
to be studied for the effect on stability; other cables are very short compared with
these and have been ignored for investigation. The cable on the PV side has been
added to the model as a pi-section (lumped form) and the values are taken as in

Table 3.1.

Zoy Leable Rcable
<
Ccablu:-: Ccable Z
— 2 2 — pv-out
7T VA RS
Output impedance n-section model of cable

of PV converter

Figure 3.1: PI model of cables between the PV converter and DC-bus line.

The length of cables from SB3 building to the DC switch-gear is 27 m and from AWL
building to the switch-gear is 47m. The cable length between the two building is
65 m. Considering the cable impedance, the final expression for input impedance of
the PV system can be expressed as

2 2
4 v—out — 4 ) Lca e Rca e . 3.2
P ! P //S cable T " * " //Socable ( )
In admittance form ]
Y o out = ) 3.3
P ! Z;m;fout ( )
3.1.2 Admittance Model of CPL
From (2.99), load admittance of the CPL can be expressed as
1
Y. = 3.4
corL= 7 (3.4)

in order to be taken together with the other system admittances in the overall
analysis.
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3.1.3 Admittance Model of Energy Storage Converter

In grid-connected mode, the dc-bus voltage is regulated by the inverter and the
battery can only change the current input to the converter. Thus, the energy storage
is designed as a current source and the battery works in charging mode. In the
charging mode of the energy storage, the bi-directional DC/DC converter works as
in buck mode. As a result, the input admittance of the converter is an appropriate
model to be taken in this subsystem. Bi-directional DC/DC converter working as a
buck converter (charging mode) has been derived in the theory section. Therefore,
input admittance of the converter is derived from (2.96).

o %ch o Dio(l + GvdGcde) - BvonGc

Y; orage — ~ 35
torag Vde 1 + GvdGcde + EdGc ( )

3.1.4 Impedance Model of Voltage Source Converter

In the VSC, the input impedance is determined from the dc-side of the converter.
Incoming three phase voltages and currents are converted into equivalent d-q system
for easy control of the converter. Applying power balance on both sides of the VSC
and taking only active power from the grid, the input impedance of the VSC in
(2.134) is expressed as

% _ RergainGchGl - G2

Dpse = —=— = . 3.6
lde 1+ GGGy (36)

3.2 Modelling of DC-microgrid in Simulink

3.2.1 PV Model

ReIcA
—f 1
P- T ? voltage reference and power output1
pv_source_AWL1
T
Ve
2
RelLcs PV-
] i 1
pv_source2_SB1

Figure 3.2: PV model for panels located at AWL and SB3.

Figure 3.2 shows the PV converter setup in Simulink for the two buildings AWL
and SB3 where the solar panels are located. To include the cable effects, the cable
parameters are lumped together in pi-section.
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Figure 3.3: PV model AWL building.

Figure 3.3 shows the converter circuit for the PV system. As seen in the figure, the
PV panel is replaced by a current source. For a fixed power level from the current
source, a voltage reference is provided to the controller, this reference voltage is the
optimum point where peak power is obtained. The controller takes this reference,
output and input voltage from the converter as its input parameters and generates
the duty cycle to control the switch in the boost converter.

3.2.2 Energy Storage Model

mmmmmmmm

Figure 3.4: Simulation model for the energy storage system.

Figure 3.4 shows the energy storage converter circuit. As it can be seen, the circuit
contains two switches according to the topology of the bi-directional converter. The
high voltage side is at 760V level while at the battery side the nominal voltage is
380 V.

The control for the charging and discharging modes of operation is shown in Figure
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3.5. During the charging state, the output voltage on the battery side is compared
with the reference battery voltage and is fed to a voltage (PI) controller. This gen-
erates a reference current that is passed to the inner current (PI) controller and
generates switching pulses for the two switches. For the discharge case, the voltage
controller is implemented with droop control for power-sharing between converters
connected on the same side. The droop coefficient will be chosen which ensures
that the output voltage to be maintained within . Depending on the mode that the
converter operates, the reference current to the inner current controller is adjusted.

' P

Duty cycle

o

VO_ref

Figure 3.5: Energy storage control model (charging and discharging).

3.2.3 VSC Model

Vot
"
CIl = | e
e
Power balance AC/DC conversion
Double loop control
o 3Ph bridge converter
—=
A
Vabe
HY o [
labe | —>3 {
|
<« oc-
c
Three phase . . B 4‘{ 4@
V-I Measurement Filter inductors .

Three phase
V-I measurements

Capacitor bank

Figure 3.6: Simulation model of the VSC.
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Figure 3.6 shows the VSC model. The ac grid supplies 400 VAC @50 Hz to the VSC
which converts it to 760 V. A droop based control strategy is implemented to keep
dc bus voltage within permissible limits of while maintaining the power balance of
the overall system.

3.2.4 CPL Model

<
£ am I v
L+ > T

A T }3

Duty cycle Pl(z) o
P Dl Pl |e Q VO_ref

380

Figure 3.7: Simulation model of the CPL consisting of a tightly regulated converter
and a resistive load.

Figure 3.7 is the simulation model of a CPL which consists of a tightly regulated
buck converter that maintains a constant voltage at the load side along with a
resistive load.

3.3 Verification of Impedance Models

For verifying the derived impedance models, a frequency sweep is performed for
a specified frequency range in the impedance expression derived. The resultant
magnitude and phase for the frequency sweep are compared with the results from
simulation. In the simulation model, a constant magnitude variable frequency si-
nusoidal alternating voltage is superimposed with a dc voltage. The magnitude is
38V which is 5% of the dc-bus voltage. The current response from the converter
is obtained and using Fast Fourier Transform (FFT), both voltage and current per-
turbations are extracted from the signal. The input impedance magnitude of the
model is obtained by dividing voltage perturbation with current perturbation. Fi-
nally, both the magnitude and the phase of impedance of the converter is compared
with the derived analytical model.
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3.3.1 Verification of VSC Impedance Model

Table 3.2: Rated values of VSC.

Vabc
vac

f
L’USC

Tysc
Odc
Vdc
Vdcm
f v 7f c

AC line voltage

VSC rated power

AC frequency

Filter inductance of VSC
Filter resistance of VSC

DC side capacitance

Output DC voltage
Minimum output DC voltage

Bandwidth of voltage and current controller(Hz)

Proportional gain of voltage controller
Integral gain of voltage controller
Proportional gain of current controller
Integral gain of voltage controller
Droop gain

Switching frequency

Capacitor bank capacitance

400V

28 kKW

50 Hz
3mH
0.05
4700 uF
760V
720V

10 Hz, 100 Hz
Cdc(Qﬂ'fv)
CdC(Qﬂ'fv)z
L’USCQ?TfC
rv8027rfc
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Figure 3.8: Impedance verification of VSC for analytical and simulation models
for various frequencies.

Figure 3.8 is the impedance plot for the VSC, in the magnitude part, the peak value
of the impedance is at lower frequency in both the theoretical and simulation plot
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and it decreases with increasing frequency, this peak is due to controller parame-
ters which are dominant at lower frequency. The phase plot changes from positive
to a negative phase around the same frequency with the peak magnitude of the
impedance.

3.3.2 Verification of PV Impedance Model

1000

Irradiation (W/m*2)

25

Temperature (deg.C)

PV array module

Figure 3.9: PV array module from Simulink used for specifying reference voltage[1].

For a specific irradiance and temperature, voltage and current are specified from the
PV panel to generate maximum power. For irradiance of 1000 W/m? and operating
temperature of 25°C, a PV array of 7 modules and 3 strings is selected based on the
converter rating. Thus, the maximum power at this operating point of the PV is
around 6.7 kW and the corresponding reference voltage to maintain this power level
is 380 V with a current of 18 A, as can be observed from Figure 3.10.
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Figure 3.10: I-V and P-V characteristics of the PV array type: SunPower SPR-
315E-WHT-D; 7 series modules; 3 parallel strings at 25°and 45°[1].

Table 3.3: Rated values of PV converter.

L Inductance 5mH
C Capacitance 330 pF
Te Equivalent series resistance 0.0159
ky,  Proportional gain of P-controller 0.2
Vrer Reference voltage at MPPT 380V
I,  Constant current at MPPT 18A
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Impedance verification of PV system for analytical and simulation

Figure 3.11 is the input impedance plot for the PV converter. It shows that both
the simulation and mathematical model (derived in expression 3.1) match well for
the overall frequency range. There is a deviation at a low frequency which can be
attributed to the FFT calculation error in simulink, where it is difficult to extract
the lower frequencies values.

3.3.3 Verification of Energy Storage Impedance Model

3.3.3.1 Bidirectional Converter Working as Boost Converter

Table 3.4: Rated values of energy storage (discharging).

Inductance

Input filter capacitance

Output filter capacitance

DCR of an inductor

Equivalent resistance

Proportional gain of voltage controller
Integral gain of voltage controller
Proportional gain of current controller
Integral gain of current controller

50 mH
15 pF
300 pF
0.02Q
0.002 €2
0.35

0.01

36



3. System Modelling

—_
o

T T

Analytical model
Simulation model

Magnitude (Ohm)
[6;]

0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

100 T T T T T T T T T
Analytical model
50 Simulation model | |

-50 -

Phase (Degrees)
o

_1 00 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000

Frequency (Hz)

Figure 3.12: Impedance verification of energy storage discharging.

Figure 3.12 is the impedance plot for a bi-directional converter working in boost
(discharging) mode. As can be observed from the plots, for the impedance in the
magnitude part, there is a difference between them at the peak. But with an in-
creasing frequency, the difference between the curves decrease and both follow each
other. Similarly, curves for the phase plot also follow each other.

3.3.3.2 Bidirectional Converter Working as Buck Converter

Table 3.5: Rated values of energy storage (charging).

L Inductance 50mH

C7 Input filter capacitance 15mH

C5 Output filter capacitance 300 pF

r; DCR of an inductor 0.029Q

r.  Equivalent resistance 0.002 2
kp, Proportional gain of voltage controller 30

ki, Integral gain of voltage controller 10

kpi  Proportional gain of current controller 0.8

ki;  Integral gain of current controller 0.1
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Figure 3.13: Impedance verification of energy storage - charging.

Figure 3.13 is the impedance plot of the bi-directional converter during charging
(buck) mode. The magnitude of impedance decreases with increasing frequency and
also the phase approaches —90°and remain constant at higher frequencies. Both the
analytical model (derived in 3.5) and simulation curves match good, indicating that
the derived transfer function is a good approximation of the simulated model.

3.4 Passivity Analysis of Individual Systems

In this section the passivity of the individual converter models derived in previous
chapter will be verified.
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Figure 3.14: Passivity plots for PV impedance model.
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As shown in Figure 3.14(a) for the PV system, the plot of the real part of the
impedance has resonance peak at the lower frequencies and approaches to zero as
the frequency increases but never goes below zero. This assures that the real part of
the impedance is non-negative for the entire frequency range. Moreover, as shown in
Figure 3.14(b), the subsystem is stable as there are no poles on the right-half plane.
Thus, according to the passivity definition, the PV system is taken as a passive
system.
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Figure 3.15: Passivity plots for energy storage impedance for charging.

Similarly, for the energy storage system, the plot for real part is positive for all
frequencies and is stable as no poles on the right-half plane. Therefore, the system
shows passive behavior. The frequency response plot and the pole-zero map are
plotted in Figure 3.15(a) and 3.15(b) respectively.
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Figure 3.16: Passivity plots for VSC output impedance.

Figure 3.16(a) and 3.16(b) show the frequency response and pole-zero map of the
VSC impedance model. The real part of the impedance is non-negative for the entire
frequency range with a resonance peak at the lower frequencies and it is also stable
from pole-zero map. This indicates that the VSC system is passive.
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So far, the passivity of the subsystems from the VSC, energy storage and PV models
has been verified, but for the CPL model, the real part of the admittance is non-
negative and it does not fulfill the passivity theory. Thus, the CPL model could
reduce the stability of the overall system.

3.5 Simplified Model of the System

In the de-microgrid, impedance-based method is used for assessing stability of the
system. It depends on the Middlebrook criterion which states that if two converters,
one acting as a source converter and other as a load converter, are stable individu-
ally and output impedance of the source converter is less than the input impedance
of the load converter in the entire frequency range, the stability of the cascaded
system will be assured [18]. To apply this criterion in the Distributed Power System
(DPS), the converters in the interconnected system have to be classified as a voltage
source converter and current source converter based on the operating condition. In
this paper, as grid-connected dc-microgrid is studied, the source converter at the dc-
grid side acts as a VSC which regulates the dc-bus voltage. Therefore, its equivalent
model is represented by a source voltage in series with the output impedance (Z,s.).

As the dc-bus voltage is already controlled by the VSC, the bi-directional con-
verter on the energy storage and boost converter on the PV side can only affect
the bus current by regulating their respective power. The PV converter controls
its bus side current by regulating its input voltage using the MPPT control. The
bi-directional converter also controls its bus side current by changing the charging
current. Thus, the equivalent model for the PV converter, bi-directional converter
and load converter is represented by a current source in parallel with input admit-
tance to the converters at the point of connection (Yi,). The equivalent model
for the impedance-based analysis is depicted in Figure 3.17. It shows a microgrid
structure for the impedance-based analysis with one converter from each side.
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Figure 3.17: An equivalent model of the dc-microgrid for impedance based anal-
ysis.

With the system model in Figure 3.17, the overall system response is studied under
different operating conditions. For simplifying the system analysis, the system is
sub-divided into two components. On the source side, the VSC impedance, Z,. is
taken as it acts as a voltage source and maintains the dc-bus voltage. The PV and
energy storage are taken as current sources with their admittances Y}, and Yorage
as they provide power by changing the current in the system. Similarly, the load is
also represented as an admittance, Y qq-

J 2 i
N L. a2

Istorage

oy

DR =

storage

szc

Figure 3.18: A simplified circuit of the dc-grid.

In Figure 3.18, Z,,. is the impedance of the VSC connected in parallel to the common
de-bus. Ypy, Yiorage and Yj,qq are all connected in parallel to the dc-bus, their
equivalent admittance is represented as Yy,,. From Figure 3.18, the equivalent dc-
bus voltage can be obtained by applying superposition principle.
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The voltage contribution from the voltage source, ¥, is

ﬁusc
0= ———————. 3.7
v 1 + Y;uvasc ( )

Similarly, for the current source, I the voltage contibution is

~ Isub szc

= 3.8
2 1 + szc}/;ub ( )

Adding the two voltages (3.7), (3.8), the resultant dc bus voltage is

~ 771)30 + jsuvasc
| = Yuse T TsubZuse 3.9
v 1 + szc}/;ub ( )

In (3.9), m is the closed loop transfer function of the system with neg-
ative feedback. The forward path gain is 1 and the negative feedback gain is
F(s)=Zys.Ysup- The overall closed loop function is stable only if F'(s) fulfills the
Nyquist criteria i.e if there is no encirclement of (-1,0) and there should no be pole

present in right side of the s-plane.

After studying the stability of the dc-microgrid with overall system, a capacitor
bank will be connected across the dc-link capacitor and its effect on the stability of
the system will also be studied. The capacitance of each capacitor in the bank is
7mF (appendix A) and its circuit diagram is shown in Figure 3.19.
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Figure 3.19: Circuit connection of the capacitor bank.
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Results and Analysis

In this chapter, the analytical results are validated with the simulation results.
Several case scenarios have been taken to study stability issue in the dc-microgrid
using the impedance-based method discussed in Chapter 2. In the first case scenario,
the normal operation of the system is verified by taking a fixed load power and a
fixed reference point for MPPT control. In the second scenario, the effect of load
changes on stability is studied by increasing the load demand. The effect of the
control parameters of the VSC on the system stability has been validated in the
third scenario. The fourth scenario studies the impact of BESS on the overall
system stability. The fifth and sixth scenarios are of adding a capacitor bank and
implementation of a droop control in VSC and their impact on the overall stability
of the system.

4.1 Case Scenario One: Normal Working Condi-
tion

In normal working condition, a CPL of 50 kW is connected to the dc-grid. The PV
panel, which is producing power around 6.7kW, is taken from two places of the
building. Three converters are connected in parallel on each side of the building and
overall around 40 kW power is generated from the PV panels. The remaining 10 kW
comes from the VSC (28 kW rating) connected to the ac-grid and the power balance
is satisfied. Moreover, the bandwidths for the controllers in the VSC are 10 Hz for
the voltage and 100 Hz for the current controller respectively. The solar irradiance
is 1000 W/m? which corresponds to a maximum PV current of 54 A for our system
with a PV string voltage of 380 V.

The analytical model, which is verified in Chapter 3, is applied to predict the stabil-
ity of the system. The passivity of each subsystem is studied and all the subsystems
except the load model are passive for most frequency range. Thus, the load could
decrease the stability of the overall system and the Nyquist criterion can be used to
study the stability of the system. From Figure 4.1(a), it can be observed that there
is no encirclement of (-1,0). Moreover, from Figure 4.1(b), no poles on the right side
of the s-plane, hence by Nyquist analysis the system is stable.
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Figure 4.1: Nyquist and Pole-Zero plots of the open loop transfer function F'(s)

for normal working condition.
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Figure 4.2: Gain and phase margins of open loop transfer function F(s) for the

normal operating condition.

Since the overall system is stable as seen from the Nyquist analysis, however, to
determine how close to instability the system is, the gain and phase margins of
the system could be studied. A system that has a gain margin greater than one
is stable, if any system has a gain margin less than one, it is unstable and the
controller parameters must be adjusted to increase the gain. The phase margin of
is recommended for good stability [7]. From the plot in Figure 4.2, both the phase
and gain margins of the system are within the acceptable range indicating that the
system is in a good stable condition.
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Figure 4.3: PV output plots for the grid connected system.

Figure 4.3 shows the simulation PV output plots for the grid-connected DC micro-
grid, i.e at the AWL building. In the analytical model, there are a total of six PV
converters each with a power production around 6.7 kW, three in each AWL and SB3
building. In the simulation model, however, the three converters in one building are
scaled using per unit, and resulting there are two PV boost converters each with
an effective power production around 20 kW. For each of these two converters, the
reference voltage for the MPPT controller is set at 380V and a current source is
taken to imitate the current from the PV panel, rated value is taken as 54 A(18x3),
18 A being the current generated by each PV panel.

From Figure 4.3 it can be observed that the reference voltage is at 380V, the gener-
ated current is 54 A, and output power is 20 kW at steady state. Similar waveforms
can be observed for the converter at SB3 as well. The resulting output power from
the two converter systems together is 40 kW, which is provided to the load.
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Figure 4.4: Grid connected VSC output plots.
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Figure 4.4 is the plot for output voltage, current, and power of the grid connected
VSC. The simulated system is stable as it maintains the bus voltage at 760 Vdc.
For the load of 50kW, as 40 kW is provided by the PV, the remaining 10 kW power
comes from the ac-grid which can be observed from the plot.

4.2 Case Scenario Two:
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Figure 4.5: Bode plot comparison for increasing load from 50 kW to 70 kW.

In this scenario, the load is increased from 50 kW to 70 kW to study its effect on the
system stability. Since, the CPL characteristic is inherently non-passive in nature,
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increasing the load further makes it less passive and it affects the stability of the
overall system which is reflected in the bode diagrams. Figure 4.5(b) is the bode
plot for the system described in scenario 4.1, but with a load of 70kW. Compared
to Figure 4.5(a) with a gain margin of 25.4 dB it can be observed that it has reduced
significantly to 16 dB whereas phase margin remains unchanged as the CPL model
has a resistive behavior. This can be attributed to the increased CPL which affects
the gain margin of a system.

Figure 4.6 is the simulated bus voltage output for the system with an initial load
of 50kW and adding a load step of 20kW at 0.2s. The system is stable with both
load values. This indicates that the system is less affected by a small increase in the
resistance from the load side. However, for determining the relative stability, the
bode plot analysis can be used.
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Figure 4.6: DC bus voltage for a 20 kW load step from 50kW to 70 kW at 0.2s.

4.3 Case Scenario Three: Effect of Increasing Con-
troller Bandwidth

In this case study, the bandwidths of the voltage and current controller of the VSC
will be increased to study the impact on stability of the system. For voltage con-
troller, the bandwidth is increased from 10Hz, 20Hz to 30 Hz. Similarly, for the
current controller, bandwidth is increased from 100 Hz, 200 Hz to 300 Hz. The band-
widths are so chosen to ensure that the current controller is 10 times faster than the
voltage controller.
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4.3.1 Increasing VSC Voltage Controller Bandwidth
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Figure 4.7: Nyquist and Pole-Zero map of open loop transfer function F(s) for
increasing VSC voltage controller bandwidths of 10 Hz, 20 Hz and 30 Hz.
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Figure 4.8: Bode plots of open loop transfer function F'(s) for increasing voltage
controller bandwidths of 10 Hz,20 Hz and 30 Hz.

The voltage controller bandwidth of the VSC is gradually increased while keeping
the current controller constant at 100 Hz to study the effect on the system stability.
As observed from the Nyquist and pole-zero plots in Figure 4.7(a)-4.7(b), the system
is stable for all three bandwidths 10 Hz, 20 Hz and 30 Hz. However, to compare the
relative stabilities at the three frequencies, bode plot analysis is required. From Fig-
ure 4.8 it can be observed that as bandwidth is increased, the gain margin increases
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with maximum gain margin of 32.5dB at 30 Hz voltage controller bandwidth, mak-
ing the overall system relatively more stable. The phase margin remains the same at
42.3deg, this can also be seen in the Nyquist plot 4.7(a), where in the outer loop all
the three curves overlap each other, as such they all have the same intersection point
for the unit circle taken with center (0,0). Increasing voltage controller bandwidth
for the VSC affects the input impedance of the model and it can be explained from
passivity theory. Figure 4.9 shows the frequency response of the VSC for the three
different bandwidths. The impedance model still shows the passivity behavior, but
the resonance peak for the impedance decreases as the voltage-controller bandwidth
increase. According the Middlebrook criterion, as explained in Section 3.5, the input
impedance of the source converter should be less than the input impedance of the
current converter for the interconnected system to be stable. In this study, the VSC
is acting as the source converter that regulates the dc-bus voltage and the impedance
decreases with increasing the voltage bandwidth. Thus, the overall stability will be
improved.
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Figure 4.9: Frequency response of VSC for increasing voltage controller bandwidth
from 10 Hz, 20 Hz to 20 Hz.
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4.3.2 Increasing VSC Current Controller Bandwidth

Imaginary Axis

0.5

-0.5

2dB

1
4dB

6dB
10dB
20dB

0.dB

L
-0.5

-2dB>

_ T
0 0.5

Real Axis

(a) Nyquist plot.

Imaginary Axis (seconds'1)

-0.5

-15

-0.01

100 Hz
———200Hz
300Hz| |

L i L A
-0.005 0 0.005 0.01

Real Axis (seconds’1)

(b) Pole-Zero map.

Figure 4.10: Nyquist and Pole-Zero map of open loop transfer function F(s) for
increasing VSC current controller bandwidths of 100 Hz, 200 Hz and 300 Hz.
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In this scenario, the bandwidth of the current controller in VSC is gradually in-
creased keeping the voltage controller fixed. Figures 4.10(a), 4.10(b) are the Nyquist
and pole-zero map for the system. As observed from both the plots, the system is
stable for all three bandwidths 100 Hz, 200 Hz and 300 Hz of the current controller
as there is no encirclement of (-1,0) on the Nyquist plot and also no poles present on
the right-half side of the s-plane. Figure 4.11 shows the bode plots for the increasing
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current controller bandwidths. It can be observed that the gain margin increases
slightly from 25.4 dB to 26 dB with bandwidth increase from 100 Hz-300 Hz, however,
compared to the case where voltage controller bandwidth is increased, the increment
in the gain margin is small, suggesting that current controller bandwidth effect is
small. Phase margin however remains the same in the three cases. Passivity theory
wise, increasing the current controller bandwidth does not affect the passivity of
the VSC significantly which could affect the overall system stability. This can be
observed from the frequency response plots for increasing current controller band-
widths in Figure 4.12, where the change in real and imaginary part of the impedance
is small for increasing current controller bandwidths.
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Figure 4.12: Frequency response of VSC for increasing current controller band-
widths.

4.4 Case Scenario Four: Effect of Adding Energy
Storage

In this scenario, the effect of adding a battery storage system is studied. A 6 kW
BESS is added to the system, it’s effect on the overall system stability for both
charging and discharging cycles is studied. In the charging mode, the VSC maintains
the dc-bus voltage and the solar panels provide power to the load and also to charge
the battery. In the discharging state, the VSC is disconnected, as such the energy
storage needs to maintain the dc-bus voltage level until power from the grid is
restored. These two modes of operation will be studied in the next subsection.

51



4. Results and Analysis

4.4.1 Charging Mode
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Figure 4.13: Nyquist and Pole-Zero map of open loop transfer function F(s) with
and without energy storage during charging.

For the charging mode operation, the Nyquist and pole-zero map for the analyti-
cal model is studied and the result is analyzed with the time-domain simulation.
Figure 4.13(a) and 4.13(b) are the Nyquist and pole-zero map for the system with
and without the energy storage during charging mode. It can be observed that the
system is stable with the energy storage added.

To investigate the effect of the BESS on the stability of the system, the gain and
phase margins could be observed before and after the energy storage is added. Fig-
ure 4.14(b) is the bode plot for the BESS in charging mode. Comparing to the first
case with only the PV, ac-grid, and load as in Figure 4.14(a) it can be seen that the
gain margin as well as the phase margins decrease. This is due to the energy storage
in charging mode which acts as an additional load, reducing the system stability.
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Figure 4.14: Bode plot of open loop transfer function F'(s) for energy storage
model in charging mode.
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Figure 4.15: DC bus voltage during charging mode with an energy storage added
at 0.2s.

Figure 4.15 is the dc bus voltage with time-domain stimulation when the BESS is
added. The output voltage is 760 V at a steady-state indicating a stable system.
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Figure 4.16: Charging wave forms for the energy storage.

Figure 4.16 gives the simulation battery voltage, current, and SOC during charging
mode. The BESS power is 6 kW with a nominal battery voltage of 380V and the
battery could charge to a maximum voltage of 442 V. This data is taken from the
battery block selected from the Simulink library. It can be observed from the figure
that the battery voltage is maintained at 442V and the charging current is around
—20 A (negative indicates charging mode), the initial SOC level of the battery is
assumed to be 50% and it keeps increasing with time.

4.4.2 Discharging (Islanded) Mode

When the ac-grid is disconnected from the system due to a fault, the dc-microgrid
should work in islanded mode for some time depending on the capacity of the energy
storage. The energy storage regulates the dc-bus voltage and at the same time
provides power to the load if the power demand can not be covered by the PV.
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Figure 4.17: Bode plot for the the energy storage model during discharge.
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Figure 4.18: Discharge waveform for the energy storage.

As shown in Figure 4.18, the battery is maintaining its voltage around the nominal
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value 380V in steady state. The reference current for the inner current controller
is determined by the outer voltage controller and the actual current is tracking the
reference current. It is also seen that the SOC is decreasing from its initial value. In
the islanded mode, the PV side is generating its maximum power at the previously
specified reference voltage when it was working in grid-connected mode. Since the
load is 50 kW, the PV can supply a max of 40 kW, the remaining is provided by the
BESS.

4.5 Case Scenario Five: Effect of Adding a Ca-
pacitor Bank

In this scenario, the effect of adding a capacitor bank on the stability of the overall
system is studied. From the dc-link in the real system, capacitor value is replaced
with the equivalent one with each capacitance of 7mF. To determine the overall
stability of the system Nyquist and pole-zero map is plotted in Figure 4.19(a) and
4.19(b). It is observed that adding a capacitor bank improves the stability of the
system.
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Figure 4.19: Nyquist and Pole-zero map of open loop transfer function F(s) with
and without a capacitor bank.

Since the capacitor bank changes the capacitance value of the dc-link capacitor, the
input impedance of the VSC also changes. The frequency response of the input
impedance for the VSC model has been depicted in Figure 4.20 to check its passiv-
ity when the capacitor bank is connected. It can be observed from the plot that
increasing the capacitance of the dc-link capacitor reduces the resonance peak that
occurs at some frequencies. This is useful for the impedance ratio to be less than
one and this leads the stability of the overall system to be guaranteed.

56



4. Results and Analysis

Real value of the output impedance(ohm)

Imaginary value of the output impedance(ohm)

o

0.5

40 60 80 100
Frequency (Hz)

120

T T T T T

Without capacitor bank
With capacitor bank

60 80 100 120 140
Frequency (Hz)

Figure 4.20: Frequency response of the VSC after adding a capacitor bank.
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Figure 4.21: Bode plot of open loop transfer function F'(s) with a capacitor bank

added to the system.

For further analysis, the bode diagram of the system is plotted in Figure 4.21.
It shows that the gain is always below zero for all frequency range and the phase
margin becomes infinite. Moreover, the gain margin increases from 25.4 dB (without
the capacitor bank) to 36.6 dB. Having a gain or phase margins of extremely large
value slows down the response of the system and gets a problem in tracking the
reference. The analytical result is verified with simulation as shown in Figure 4.22
which shows that with a capacitor bank added, the system is not easily affected by
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disturbances.
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Figure 4.22: DC-bus voltage with and without a capacitor bank for a load step of
20kW at 0.7s.

4.6 Case Scenario Six: Effect of Adding a Droop
Control

In this scenario, the droop in the VSC is increased gradually to study the effect
on system stability. Figure 4.23(a) and 4.23(b) are the Nyquist and pole-zero plots
for the overall system with an increasing droop term. As there are no poles on the
right hand plane in the the pole-zero map and no (-1,0) encirclements in the Nyquist
plot for any of the droop values, the overall system is stable for all the three cases.
However, to analyze the relative system stability for the different droop coefficients,
bode plot analysis is performed in the next section.
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Figure 4.23: Nyquist and Pole-Zero map of open loop transfer function F(s) for
for increasing droop.
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Figure 4.25: Frequency response of VSC for increasing droop gain.

As seen from the bode plot in Figure 4.24, with an increasing droop the phase
margin decreases very little from 39.1deg to 39 deg while the gain margin remains
the same at 16.3dB, which implies that the system isn’t affected much by change
in the droop parameter. This can be explained from the frequency response plot of
the VSC in Figure 4.25 where the VSC impedance doesn’t have much change for
increasing droop to 5% and 10%.
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5.1 Sustainability Aspects

Sustainable development aims for human welfare without adversely affecting other
associated factors. These factors can be classified into three types, they are ecolog-
ical, economical and social factors. Each of these factors will be discussed from the
perspective of our work in the following subsections.

5.1.1 Ecological Aspect

The dc-microgrid has a large number of solar panel installations. As the panels
are mounted on the roof, no extra land space is required. Moreover, since they are
operated in a colder climate, the panels have higher efficiency [19] and is a clean
energy source with no emissions. Furthermore, the use of solar optimizers ensures
that maximum power is obtained which is also environmentally beneficial.

One environmental disadvantage could be the battery storage pack used in our
system. Since lithium-ion batteries are used, proper handling of the batteries at the
end of life can be a challenge.

5.1.2 Economical Aspect

An initial investment in setting up the PV system could be high, but since these
panels have a long life, they make up for the cost over time. Also, the dc-system
requires less wire thickness for power transmission compared to ac systems, thereby
cutting on cost.

5.1.3 Social aspect

Society encourages the use of renewable and clean energy sources to reduce emissions
and tackle climate change. As such people, in general would prefer to install solar
panels to save on energy bills which would also benefit the environment.
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Conclusion and Future Work

6.1 Conclusion

The master thesis investigated the impact of power converters in a de-microgrid. Ini-
tially, transfer functions were derived for each of the different converters used in the
study. These transfer functions were then verified by comparing their impedance
response with that of the simulation models. Combining all the derived transfer
functions to form an overall system, the various case studies were carried out both
analytically and with the simulation model.

In the first scenario the PV, load and VSC connected to the grid are taken to be
operating together and the system was found to be stable both analytically and in
simulation. In the second scenario, the load was increased by 40% from 50 to 70 kW.
Since, the CPL is non-passive in nature, increasing the load only makes the system
further less passive, decreasing the overall system stability. In the third scenario, the
bandwidths of both the voltage and current controllers of the VSC were increased
to observe any effect on stability. For the voltage controller bandwidth increase, the
system was found to be more stable; this is due to the decrease in input impedance
of the VSC. In the current controller bandwidth increase scenario, there is very little
effect on the system passivity due to the negligible impact on the impedance of the
VSC and there is no delay in the current controller. In the fourth scenario, a 6 kW
Battery Energy Storage System (BESS) is added to the dc-grid and the system is
studied for both charging and discharging mode of operation. In the charging sce-
nario, the gain and phase margins decrease reducing the system stability as during
the charging process, the BESS acts as an additional load connected to the dc-grid.
For the discharging case, working in islanded mode, the storage system maintains
the dc-bus voltage and the system is stable. In the fifth scenario, a capacitor bank
with eight capacitors of 7 mF each is connected in series and parallel configuration.
It is observed that adding the capacitor bank makes the overall system more stable
as the input impedance of the VSC is reduced. However, this results in high gain
and phase margin values which slows down the system response. In the sixth sce-
nario, increasing the droop term of the VSC it is observed that the system’s stability
remains unaffected for a 5% or 10% increase. This is explained from the impedance
plot of the VSC, where it can be observed a very minimal change for the increase of
droop.

63



6. Conclusion and Future Work

6.2 Future Work

For modelling the VSC, a suggested improvement could be to implement a Modular
Multi-Level Converter (MMC) instead of a two-level converter. Furthermore, the
effect of VSC cable length can be taken into consideration. The analytical converter
transfer functions were verified with simulation models, for the future studies this
verification can be done with real power converters. Additionally, another interesting
future work can be to implement the test cases of the VSC voltage and current
controller bandwidth change in the real system.
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Appendix 1

A.1 Capacitance Calculation of Capacitor Bank
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Figure A.1: Capacitor bank schematic of the real system.

Figure A.1 is the schematic of the real capacitor bank in the system, where each
capacitance is 15 mF with a voltage rating of 450 V and a total VSC power rating
of 3x28 kW. Converting this to our system with only one 28 kW VSC and 380 V
between L+ /L- and M, the new capacitance is calculated as

Sbyew Vb2,
___ota Al
" Sbga VU2, (A1)

Cnew = Co

28 - 10% 4502

328 107 3802 = 7.011-107°F (A.2)

Crow =15-1073
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